HIV infection is associated with comorbidities that are likely to be driven not only by HIV itself, but also by the toxicity of longterm use of antiretroviral therapy (ART). Indeed, increasing evidence demonstrates that the antiretroviral drugs used for HIV treatment have toxic effects resulting in various cellular and tissue pathologies. The blood-brain barrier (BBB) is a modulated anatomophysiological interface which separates and controls substance exchange between the blood and the brain parenchyma; therefore, it is particularly exposed to ART-induced toxicity. Balancing the health risks and gains of ART has to be considered in order to maximize the positive effects of therapy. The current review discusses the cerebrovascular toxicity of ART, with the focus on mitochondrial dysfunction.
Introduction
The introduction of combined anti-retroviral therapy (ART) has changed the outcome and prognosis of HIV infection. What was once a fatal disease is now controlled, and the infected patients survive longer. In these long-term survivors, several pathologies are observed, such as cardiovascular, lipid, metabolic, and neurological disorders (Clifford and Ances 2013; Deeks et al. 2013; Galescu et al. 2013; Kebodeaux et al. 2013; Lake and Currier 2013; Bertrand et al. 2019b) . Before the advent of ART, neurological disorders in HIV patients were often associated with severe cognitive dysfunction, such as HIV-associated-dementia. Currently, neurological disorders are rather associated with mild and slow progressive degeneration of cognitive and motor functions (Clifford and Ances 2013) ; this susceptibility is correlated with age (Becker et al. 2004) . While persistent (albeit at low rates) HIV replication in the brain may be responsible for neurocognitive alterations observed in infected individuals, the toxicity of antiretroviral drugs is also likely to contribute to neurodegenerative disorders in HIV patients.
Antiretroviral drugs have restricted capability of crossing the blood-brain barrier (BBB) and reaching therapeutic concentrations in the CNS. Several efflux pumps, such as Pglycoprotein (P-gp) and organic anion transporters, can actively remove these therapeutics out of the CNS. In addition, antiretroviral drugs that are highly bound to plasma proteins are less likely to penetrate the BBB. Low molecular weight and hydrophobicity of drugs are factors that promote BBB penetration, while ionization has a negative effect. In addition, multiple mechanisms can play a role in the ability of drugs to cross into the brain parenchyma. These include the paracellular aqueous pathway, the transcellular lipophilic pathway, transport proteins, receptor mediated transcytosis and adsorptive transcytosis (Bertrand et al. 2016a ). Because of these factors, antiretroviral drugs are frequently not reaching effective therapeutic concentrations in the brain, contributing to the development of drug resistance (Ferretti et al. 2015) and/or formation of HIV reservoirs in the CNS. Nevertheless, their concertation in the plasma is sufficient to induce toxicity to the brain vasculature. The present review describes the toxicity of antiretroviral drugs and their impact on the development of neurological disorders in the context of the BBB and cerebral vascular biology. demonstrated that HIV reaches the CNS shortly after infection, infects multiple cell types and can also act as a reservoir (Sturdevant et al. 2015; Oliveira et al. 2017; Hsu et al. 2018 ). However, a route by which HIV crosses the BBB and disseminates in the CNS remains debated . After successful initiation of anti-retroviral therapy (ART), the virus typically becomes undetectable in the plasma of patients, and the main signs of infection subside, including CD4+ T cell depletion. Nevertheless, a low level of HIV activity persists despite successful therapy, and some toxic viral proteins, such as gp120 and Tat, are still present, albeit at very low concentrations (Martinez-Picado and Deeks 2016; Ahmed et al. 2018 ). The fact that HIV patients, even those who adhere to therapy, are still at a higher risk of developing co-morbidities, such as metabolic and cardiovascular diseases (Chow et al. 2012; Warriner et al. 2014; Farhadian et al. 2017 ) raises a question about the underlying factors contributing to the development of these disorders.
Alterations of the BBB occur in the earliest stages of infection Peluso et al. 2013; Wright et al. 2015) and then persist throughout the infection (Fig. 1 ). This dysfunction is likely linked to the several comorbidities observed in persons living with HIV, such as cerebrovascular disease and neurocognitive problems. The viral envelope gp120 can cause endothelial cell senescence and induce the expression of stress fibers (McRae 2016; Hijmans et al. 2018) . HIV Tat is another viral protein that has potent toxicity. It can affect BBB integrity and tight junction protein assembly in brain microvascular endothelial cells via a process that has been linked to signaling via small GTPases and ERK1/2 Zhong et al. 2012 ). In addition, Tat exposure can lead to elevated intracellular reactive oxygen species (ROS) levels and cause apoptosis (Toborek et al. 2003) . Indeed, vascular endothelial cells are very susceptible to oxidative damage (Toborek et al. 1995; Lee et al. 2001 Lee et al. , 2004 . Finally, viral proteins Nef and Vpr have also been shown to be associated with BBB permeability and neurotoxicity (Ferrucci et al. 2013; Saribas et al. 2015) . There are also signs of a persistent inflammation in the vasculature of people living with HIV. In addition to aforementioned viral factors, elevated levels of ROS and increased circulating levels of proinflammatory molecules, such as TNF-α, IL-1β, and C-reactive protein, can contribute to underlying chronic inflammation in infected individuals (Brabers and Nottet 2006; Ross et al. 2009; Younas et al. 2016) . These changes are accompanied by an increase in adhesion molecules on the brain endothelium, such as VCAM-1, ICAM-1, P-selecting, and platelet endothelial cell adhesion molecule (PECAM-1 or CD31) (Dhawan et al. 1997; Wolf et al. 2002; Bertrand et al. 2019b) . The accumulation of these inflammatory mediators can further lead to the development on vasculopathies associated with HIV infection (Chetty 2001) . These changes result in a leaky barrier, impacting proper functioning of endothelial cells and resulting in dysfunction of astrocytes and pericytes (Ahmed et al. 2018 ). There is a clear indication that following HIV-1 infection, the integrity of the BBB is gradually affected. 
Impact of BBB Function on Efficiency of HIV Treatment
While the focus for treatment of HIV is aimed at peripheral replication in immune cells, mounting evidence demonstrates that the CNS is an important HIV-1 reservoir that will need to be addressed for increasing patient wellness and curative approaches. The BBB plays a pivotal role in the maintenance of the CNS. It controls the inflow of nutrients, while at the same time actively pumps out metabolic byproducts and toxic compounds (Cornford and Hyman 2005; Hawkins et al. 2006; Qosa et al. 2015) . This strict control protects the brain; however, it also provides a severe hindrance to overcome when treatment molecules need to reach the CNS. Many of the drugs employed to treat HIV do not readily cross the BBB, some are even actively pumped out by transporters such as P-gp and/or multidrug resistance protein 1 (MRP1) (Robillard et al. 2014 ). This results in suboptimal drug concentrations in the CNS that cannot completely suppress viral activity and may contribute to the selection of resistant mutations. This partial viral suppression allows for the synthesis of viral proteins that contribute to viral propagation, potentiate ART toxicity, and lead to CNS comorbidities (Shah et al. 2016; Stern et al. 2018) .
Several strategies have been employed to overcome BBB restrictions for efficient neuroHIV treatment (Bertrand et al. 2016a) . Increasing treatment dose for some therapeutics can help attain sufficient CSF concentration to block viral activity. However, potential toxicity can cause a problem for some anti-retroviral drugs. Protease inhibitors are highly targeted by efflux pumps, such as P-gp; therefore, the current strategy is to saturate their activity with ritonavir, which has higher affinity to this transporter (Drewe et al. 1999; Marzolini et al. 2013) . Several new approaches are being developed to increase the translocation capacity by modification of existing drugs, such as coupling molecules to transferrin in order to use its receptor to facilitate transport (Clark and Davis 2015; Gu et al. 2017) , or attaching drugs to cell penetrating peptides (Kamei et al. 2018; Yuan et al. 2019) . Finally, nanoparticles are also being used to carry therapeutic agents across the BBB (Belgamwar et al. 2018; Roy et al. 2018) . While several of these strategies have been successful in overcoming BBB limitations, there is also a concern that these new elements could themselves be toxic (Ajdary et al. 2018 ).
ART-Induced BBB Dysfunction
As previously stated, the presence of HIV can compromise the integrity of the BBB and affect the normal function of the cells which compose this barrier . In addition, the majority of people living with HIV undergo ART treatment. This results in an almost complete absence of viral activity, at least at the periphery. However, due to the nature of HIV infection, patients need to continue to take medications for the rest of their lives. Given this fact, ART toxicity needs to be analyzed thoroughly, since side effects can accumulate over time and cause serious repercussions to patients, including dysfunction of the BBB (Fig. 2) . Indeed, alterations of the BBB integrity have been reported in several longitudinal studies that observed an initial improvement of endothelial cell function following the initiation of ART, but dysfunction eventually returned (Wolf et al. 2002; Shankar and Dube 2004; Haser and Sumpio 2017) . This was further revealed when comparing patients with similar treatment outcomes (HIV copy numbers and NADIR) using two different ART regimens. A study observed that the levels of endothelial progenitor cells and vascular inflammation in patients treated for 24 weeks using Darunavir were indistinguishable from non-infected patients, while those exposed to Rilpivirine showed signs to endothelial cell dysfunction (Echeverria et al. 2017) . Alterations of the health of cerebral vasculature, evidenced by the detection of cerebral small vessel disease (CSVD), has been observed in patients exposed to ART, especially those treated with protease inhibitors Soontornniyomkij et al. 2014) . More recently, a study has found evidence that Emtricitabine can be linked to the development of CSVD in forebrain white matter (Soontornniyomkij et al. 2018) . Experimental studies also demonstrated that Efavirenz can have deleterious effects on ischemic stroke, leading to increased tissue damage and BBB deterioration (Bertrand et al. 2016b ). On the other hand, administration of low toxicity ART is beneficial for the outcome of stroke when compared to the untreated HIVinfected group (Bertrand et al. 2019b ). An additional factor to take into consideration is that co-morbidities can be exacerbated by ART toxicity. As such, a recent investigation demonstrated that hyperglycemia exacerbates endothelial cell viability upon exposure to a combination of Zidovudine and Indinavir (Prasad et al. 2016) .
A feature of the current HIV epidemiology is an increase in aging of infected patients (Cysique and Brew 2014; Pathai et al. 2014) . A recent study indicated based on the epigenetic clock, that HIV infection led to an average aging advancement of 4.9 years, increasing expected mortality risk by 19% (Gross et al. 2016 ). This problem is of great significance becausẽ 70% of adults with HIV in the US are likely to be 50 or older by the year 2020 (Aging 2013). The life expectancy of a 20-year-old HIV-positive adult on ART is expected to bẽ 70 years (Antiretroviral Therapy Cohort 2008; Samji et al. 2013) . These factors can have a huge impact on ART as drug toxicity can change with age. Firstly, altered pharmacokinetics can be observed in older patients due to several shifts in body functions (Winston and Underwood 2015) . Impaired gastric functions can affect adsorption rate, leading to an increase in systemic levels of drugs such as Rilpivirine (Marzolini et al. 2011 ). Body composition, such as percentages of fat, lean muscle, and albumin concentration can result in altered drug distribution, namely higher concentration in certain tissues (Cooperman et al. 2007 ). Finally, a reduction in liver and renal functions can affect drug metabolism and clearance, leading to a bioaccumulation of all class of anti-retroviral drugs (Crawford et al. 2010; Baxi et al. 2014 ).
As indicated above, the integrity of the BBB is reliant on the relationship of multiple partners, especially endothelial cells, pericytes and astrocytes (Bertrand et al. 2019a) . Given the importance of cell-cell communication in the neurovascular unit (Cho et al. 2017) , toxicity reported on one cell type is expected to affect BBB functions, which is why toxicity of ART on different cell types needs to be considered.
HIV patients on ART exhibit changes in endothelial functions, such as lower expression levels of von Willebrand Factor or protein S (Chwiki et al. 2017) . A combination of Tenofovir and Emtricitabine can act as cellular stressors, leading to endothelial cell senescence, as demonstrated by a reduction in proliferation, and an increase in inflammatory markers (Cohen et al. 2018 ). This results in decreased BBB integrity and impaired endothelial cell functions. Exposure to Efavirenz has been shown to reduce endothelial viability at relatively low concentrations. This effect has been linked to multiple insults, such as a dysregulation of polymerase γ function, imbalance of intracellular calcium levels and depletion of ADP (Bertrand and Toborek 2015; Weiss et al. 2016; Faltz et al. 2017) . The latter can result in overactivation of the DNA repair enzyme poly ADP polymerase (PARP), which leads to a loss of cell viability and necrotic cell death. It was recently reported that Lopinavir exposure can lead to an increase in sICAM-1, endothelin-1, and sVCAM-1, which are proinflammatory and can impair cerebral blood flow (Mata-Marin et al. 2013; Auclair et al. 2014) . Exposure of endothelial cells to Efavirenz can severely impact BBB integrity by decreasing levels of tight junction proteins claudins-1/5, occludin, ZO-1, and JAM-1. This results in an increase in permeability, a phenomenon which has been shown both in vivo and in vitro (Bertrand and Toborek 2015; Bertrand et al. 2016b; Faltz et al. 2017) . Furthermore, it can affect cellular stress response by disrupting ER stress and autophagic responses.
Matrix metalloproteinase (MMP) activities are tightly regulated in the BBB and increased levels can cause leakiness, while reduced levels can affect angiogenesis and plasticity (Huang et al. 2011) . A recent study demonstrated that exposure of astrocytes to Maraviroc, Raltegravir and Darunavir at high concentrations can lead to a reduction in MMP synthesis and activation. This effect was also shown to synergize when drugs were combined (Latronico et al. 2018) . Indinavir was demonstrated to inhibit the conversion of ProMMP2 into active MMP2 and decrease angiogenesis (Barillari et al. 2014) .
Efflux and influx transporters are important to BBB function as they regulate the flow of molecules in and out of the CNS. Dysregulation of their activity can lead to several complications, such as a reduction in nutrient import, and increase in the removal of anti-retroviral drugs. Activity of the transporter P-gp has been shown to increase in response to exposure to Saquinavir and HIV-1 (Roy et al. 2013 ). This increase was also observed in response to a combination of Ritonavir and Ataznavir. The latter effect has been linked to an increase in expression of the pregnane X receptor and the constitutive androstane receptor (Chan et al. 2013) .
The impact of ART-mediated cerebral vascular toxicity can be compounded or further amplified by chronic inflammation present in the BBB due to HIV infection. As discussed, chronic inflammation occurs at the BBB in HIV patients (Wolf et al. 2002; Kamtchum-Tatuene et al. 2019) . Several antiretroviral drugs, such as Nelfinavir, Efavirenz, and Zidovudine, have been implicated in stimulation of inflammatory responses, including leukocyte adhesion, in a process linked to elevated oxidative stress (Mondal et al. 2004) . Combined with increased release of chemokines, this process can further stimulate infiltration of brain parenchyma with monocytic cells (Park et al. 2001) , contributing to inflammation and potentially increasing HIV-1 entry into the CNS.
As indicated above, there is a large body of evidence demonstrating that several of the drugs used in HIV-1 treatment can have detrimental effects on the health of the BBB. While the benefits of ART are undeniable, and the improvement to patients' health with the control of HIV far outweighs the side effects of these therapeutics, efforts need to be continued to improve these therapies and decrease drug toxicity. This can be accomplished through the in-depth analysis of potential side effects of ART and the continued search for new therapy avenues.
ART Toxicity: Beyond the BBB and Polymerase Gamma
It is now recognized that the BBB plays a critical role in maintaining the pool of neuronal progenitor cells in the brain and in proper neurogenesis (Williams et al. 2014) . Indeed, the neurogenic niches are localized around the brain microvasculature. Approximately 47% of dividing neural progenitor cells (NPC) and 46% of transit amplifying cells (i.e., cells that give rise to neuroblasts) are located within 5 μm of the endothelium (Shen et al. 2004 (Shen et al. , 2008 . These progenitors can directly contact the endothelium in the areas lacking astrocyte end-feet and pericyte coverage, suggesting that the brain endothelium is an essential matrix and source of external cues for NPCs (Shen et al. 2004 (Shen et al. , 2008 Teng et al. 2008) . The brain endothelium is believed to create a microenvironment that mediates progenitor cell trafficking and differentiation by providing external signage as guidance cues. One of these mechanisms is the binding of endothelium-produced CXCL12 to CXCR4 on NPCs for enhanced attachment of NPCs to endothelial cells, which then provide growth factors for NPC survival and proliferation (Williams et al. 2014) . Thus, the integrity of the BBB is vital for normal self-renewal, proliferation, and survival of NPCs (Palmer et al. 2000; Shen et al. 2004; RamirezCastillejo et al. 2006; Riquelme et al. 2008; Park et al. 2013) .
Because of the close interactions between the BBB and NPCs, we extended our studies on ART-induced dysfunction of the brain endothelium to other cells of the neurovascular unit and/or the cells that are located in the immediate proximity of the BBB. Our recently published study indicated that exposure to ART causes increased reactive oxygen species (ROS) generation which results in mitochondrial dysfunction, thus promoting cellular senescence (Velichkovska et al. 2018 ). The study employed several ART combinations, such as Tenofovir and Emtricitabine (both nucleoside reverse transcriptase inhibitors, NRTIs), Tenofovir, Emtricitabine, and Raltegravir (NRTIs plus a protease inhibitor), and Tenofovir, Emtricitabine, Ritonavir, and Darunavir (NRTIs plus integrase inhibitors). The majority of these combinations induced mitochondrial dysfunction. Exposure to Tenofovir, Emtricitabine, Ritonavir, and Darunavir resulted in a 37% increase in betagalactosidase staining and shortening of telomere length to more than half of the length of controls, indicating accelerated NPC senescence in response to ART exposure.
A large body of evidence indicates that the toxic side effects of ART include a mitochondrial dysfunction component (Fig. 3) . However, the specifics of the underlying mechanisms are yet to be elucidated. It is well established that polymerase gamma is affected by reverse-transcriptase inhibitors designed to inhibit the action of reverse transcriptase (Lewis and Dalakas 1995) . Since polymerase gamma is the mitochondrial polymerase replicating mitochondrial DNA (mtDNA), its inhibition can introduce mtDNA mutations which then induce mitochondrial dysfunction or results in a decrease in overall mtDNA levels. However, ART can induce additional alternations of mitochondrial morphology and function, suggesting induction of multiple independent toxic mechanisms; especially under the administration of different classes of antiretroviral drugs or drug mixtures. Moreover, feedback response programs could be connecting one type of mitochondrial dysfunction to another; but their existence, activation, and regulation are poorly understood and require further investigation.
Toxic effects of antiretroviral drugs on mitochondria via mechanisms beyond inhibition of polymerase-gamma have been reported as early as the 1990s. For example, dosedependent inhibition of NADH-linked respiration has been reported under AZT administration across multiple tested tissues. An inhibition of electron transport chain function was suggested to be responsible for these effects because complex I i n h i b i t i o n i s r e s p o n s i b l e f o r N A D H o x i d a t i o n (Modicanapolitano 1993) . Additionally, inhibition of succinate-linked respiration and uncoupled electron transport chain have been specifically reported for brain tissue. However, the mechanism through which AZT inhibits complex I or succinate-linked respiration is still not clear. Antiretroviral drug induced polymerase-gamma inhibition follows the same mechanisms as those designed against reverse-transcriptase. However, the aforementioned additional mitochondrial targets reveal that there are off target mechanisms which can be induced by antiretroviral drugs, making the acquisition of better knowledge in this field more challenging.
In addition to AZT, other antiretroviral drug types have also been shown to impact electron transport chain function through Complex I inhibition. Namely, the non-nucleoside reverse-transcriptase inhibitor, Efavirenz, was found to inhibit Complex I in primary rat neuron cultures (Blas-García et al. 2010) , as well as human neurons and glia (Apostolova et al. 2015a) . Furthermore, mitochondrial complex I gene expression was found to decrease in neurons treated with Didanosine (Zhu et al. 2007 ). Complex I is the first component of the mitochondrial electron transport chain which has a crucial role in proper mitochondrial function and ATP production output. Inhibition of its function has in fact been associated with the pathogenesis of neurodegenerative diseases (Schapira 2010) . A commonly used research method to estimate electron transport chain function is measuring the oxygen consumption rate (OCR), and we (and others) have shown that ART drug combinations induce alternations of OCR (Apostolova et al. 2015a; Cohen et al. 2017; Velichkovska et al. 2018 ). An interesting observation also indicates that the inhibition of Complex I and alterations to the electron transport chain function may occur without any changes in the OCR levels (Ciavatta et al. 2017) . The explanation for this phenomenon was suggested to arise from the activation of Complex II to act as a bypass and substituting for the Complex I electronpumping function. In fact, upregulation of the remaining complexes function was reported as well. Cerebral rat mitochondria treated with AZT showed decreased Complex I activity, while in parallel had dose-dependent increases of Complex II and Complex IV (Ewings et al. 2000) . Hence, these compensatory mechanisms could result in maintained unaltered net OCR levels. All of this data taken together raises the concern that even though the OCR might be temporarily maintained, the altered functions of individual complexes can have other negative implications, especially over lifetime exposures to ART. Additionally, a comparison of these findings to the aforementioned studies that reported OCR alternations suggests that there are multiple mechanisms in which electron transport chain function can be affected by ART. Indeed, no changes in viability were found in cells exposed to selected anti-retroviral drugs through the reductivedependent reagent, CTB (Ciavatta et al. 2017) . These results suggest the existence of a non-mitochondrial mechanism compensating for the lost mitochondrial reductive capacity. Nonetheless, similar to the electron transport chain function, it is questionable if such compensation mechanisms can be retained over long-time exposures to ART, which is required to control the HIV infection.
With respect to mitochondrial integrity, changes in the neurotransmitter levels N-acetylaspartate (NAA) upon ART exposure have been reported in several studies (Schweinsburg et al. 2005; Winston et al. 2010; Young et al. 2014; Sailasuta et al. 2016) . NAA is associated with loss of mitochondrial integrity because it correlates to ATP inhibition and decreased OCR levels (Bates et al. 1996) . Additionally, its signal was shown to decrease under inhibition of the succinate dehydrogenase step of the tricarboxylic cycle (Demougeot et al. 2001) . NAA is also a neuron-specific indicator (Moffett et al. 1991; Simmons et al. 1991 ) and was reported to be an axon-specific marker (Bjartmar et al. 2002) . HIV patients taking antiretrovirals were found to have the highest decrease in NAA in their frontal white matter compared to the group of non-infected individuals, while the HIV patients who did not receive treatment had a milder decrease (Schweinsburg et al. 2005) . Additionally, the higher number of antiretrovirals administered, the higher the decrease; which is particularly alarming since all antiretrovirals are used as part of drug mixtures, whereas a lot of studies on antiretroviral drugs toxicity in general report findings for individual drugs. The decreasing levels of NAA may also imply that there is a decrease in the total number of mitochondria since NAA is produced by energy-dependent reactions inside mitochondria, and there have been no mechanisms identified for upregulation of NAA synthesis when its concentration decreases (Schweinsburg et al. 2005) . However, it is also possible that NAA levels decrease due to a dysfunctional electron transport chain and a decrease in ATP. Even if this is the only mitochondrial parameter affected at an earlier point, it could make mitochondria more prone to developing compromised functions as the result of prolonged ART exposure. Recently, an untargeted CSF metabolite analysis based on a machine learning model identified NAA as one of the key CSF metabolites that can be used to predict incidence of HAND. Other identified key-classifiers were glutamate, ketone bodies, and markers of glial activation, all of which emphasize the importance of mitochondrial function, oxidative stress, and metabolic waste pathways in association with HAND onset (Cassol et al. 2014 ). Furthermore, a structural MRI study comparing the different levels of progression of HAND found that NAA was decreased in patients that had HIV-associated dementia and in patients that were still asymptomatic in comparison to the group that was neurocognitively unimpaired (Alakkas et al. 2018) .
Mitochondrial morphology appears to be profoundly affected by HIV and antiretrovirals as well. Part of the evidence for this mechanism was generated in studies on vertical transmission of HIV and antiretroviral toxicity. Infants that were exposed to NRTI through their mothers before birth had minimal effects on the function of the oxidative phosphorylation complexes; however, their mitochondrial morphology was significantly altered. Hence, altered morphology appears to be among the most vulnerable mitochondrial parameters affected by ART (Divi et al. 2010) . A more recent study on perinatal exposure to ART (Zidovudine [AZT]/Lamivudine [3TC]/Abacavir, or AZT/3TC/Nevirapine drug combinations) has confirmed mitochondrial morphology alternations in the heart and brain that persist in Erythrocebus patas monkeys until the age of 3 (Liu et al. 2016) . Furthermore, only the former ART combination induced oxygen consumption rate changes, while only the latter induced mtDNA changes; emphasizing the possibility of distinct toxicity mechanisms.
There is evidence that infants under vertical exposure to antiretrovirals experience developmental changes later in life (Benki-Nugent et al. 2015) due to alterations in tissues that are sensitive to mitochondrial dysfunction (Sibiude et al. 2015a) . Examples of such metabolic changes include cardiac dysfunction (Sibiude et al. 2015b) or neurodevelopmental delays, even with successful viral repression (Strehlau et al. 2016 ). These observations raise the possibility that the alternations of mitochondrial morphology discussed above might be an early sign of mitochondrial stress that develops into pathology as a function of time. Additionally, the impact on mitochondrial morphology could lead to depletion of the mitochondrial count per cell which may have a negative impact on meeting energy demands (Schweinsburg et al. 2005) .
It is not clear how mitochondrial morphology changes are linked to functional alternations. Morphological alterations were found to be affected by all tested NRTIs, NNRTIs, and PIs (Robertson et al. 2012) ; but interestingly, the extent of these alterations did not correlate to the levels of neurotoxicity of the drugs or the level to which they altered the mitochondrial membrane potential. Additionally, mitochondrial morphological changes were observed in cases when there was no detection of mtDNA mutations and/or changes in oxidative phosphorylation proteins (Liu et al. 2016) , and when the level of polymerase gamma inhibition of antiretroviral drugs was compared to the efficacy of the electron transport chain, no correlation was found (Hung et al. 2017) . The impact of ART on mtDNA or the electron transport chain was also reported in the absence of any mitochondrial morphology alternations (Ewings et al. 2000; Gerschenson et al. 2004 ). Nevertheless, it might be too early to conclude that all of these mechanisms are completely independent. It is well known that altered mitochondrial morphology could imply changes in the rates of fission and fusion of mitochondria, or the regulation of apoptosis (Karbowski and Youle 2003) . Additionally, it was reported that a cytochrome c oxidase mutation can induce changes in mitochondrial morphology in order to activate a mechanism of communication between mitochondria inside the cell, enabling them to exchange their genetic material and proteins in order to retain overall function (Nakada et al. 2001) . In fact, we and others have also shown mitochondrial transfer to be a stress-response mechanism activated by HIV infection in cells of the BBB (Castro et al. 2017) . However, there is no evidence to suggest the existence of such a protective mechanism in the context of antiretroviral-drug induced mitochondrial dysfunction, hence, it is not clear if the changes in mitochondrial morphology are induced by an injury to the mtDNA or are a result of an independent mechanism. Exposure to ART can also induce alternations of mitochondrial dynamics. For example, exposure to Efavirenz as well as Tenofovir and Dideoxyinosine resulted in a significant decrease in MAP2 staining (Ciavatta et al. 2017) . The microtubule-associated protein 2 (MAP2) is important for neurite maintenance, growth, and extension; hence, it is primarily used to track morphological and developmental alternations of dendrites, which were also reported to occur as a result of several different ART drugs exposures (Robertson et al. 2012; Akay et al. 2014) . Importantly, MAP2 binds to the outer membrane of mitochondria (Lindén et al. 1989 ) and altered MAP2 also implies changes in mitochondrial dynamics. MAP2 as a scaffolding protein is crucial for the transport of mitochondria along axons, and this process has been recognized to be dysfunctional in many neurodegenerative diseases (Su et al. 2010) . Altered mitochondrial dynamics may either induce or exacerbate mitochondrial dysfunction during neurodegeneration since this process has an impact on mitochondrial bioenergetics and integrity of the mitochondrial genome, in addition to controlling cell death and synaptic maintenance, supporting a notion that neurotoxic effects of Efavirenz may be mediated in part through synaptic damage (Tovar-y-Romo et al. 2012) .
In addition to the impairment of the electron transport chain and mitochondrial morphology, exposure to anti-retroviral drugs can affect glucose metabolism. Evidence also indicates that not the parent drugs, but their metabolites may be ultimately responsible for mitochondrial toxicity, emphasizing the importance of drug metabolism. Indeed, stimulation of glycolytic flux in cultured astrocytes was observed due to exposure to the primary metabolite of Efavirenz (Brandmann et al. 2013) , and an earlier study reported that HIV patients treated with Efavirenz displayed lactic acidosis (Chow et al. 2007 ). Interestingly, the reported increase in glycolytic flux was independent of oxidative phosphorylation activity, since no additive effect was found under the inhibition of Complex I or Complex II (Brandmann et al. 2013) . Moreover, in vitro experiments in astrocytes found this effect to be specifically induced by Efavirenz's primary metabolite but not the parent compound. There is also evidence for the connection between drug metabolism and extent of mitochondrial toxicity for other antiretrovirals. A recent study on HIV positive patients taking the thymidine analogue Stavudine, found a connection between the occurrence of mitochondrial toxicities such as sensory neuropathy and the genetic variation in thymidine synthesis pathways and the analogue transport and metabolism (Moketla et al. 2018 ).
Different Cells, Different Vulnerabilities
An important aspect of the mechanisms underlying mitochondrial toxicity is the fact that they do not completely overlap within different brain regions; rendering some cell types more vulnerable than others. For instance, several studies have reported the cells in the cerebrum to be more vulnerable to mitochondrial ART toxicity compared to cells in the cerebellum (Ewings et al. 2000; Zhang et al. 2014) . Ewing et al. found that mitochondria from the cerebrum were impaired and their functions of oxidative phosphorylation complexes were altered by AZT. However, none of these alternations were observed in mitochondria from the cerebellum. Additionally, HIV patients on Stravudine or Didanosine exhibited alterations of NAA levels only in the frontal white matter, but not in the frontal grey matter (Schweinsburg et al. 2005) . mtDNA levels were also unaltered when analyzing the whole brain tissue, and changes were detected only when cortical neurons were isolated ). These alterations were specifically identified as mutations of the mtDNA D-loop (Zhang et al. 2015) . Additionally, the Didanosine-induced decrease in mtCOXI expression observed in neurons was not found to be present in Schwann cells (Zhu et al. 2007) . A study that compared Efavirenz's effects on neuron and astrocyte primary cultures (Funes et al. 2014 ) indicated that mitochondrial membrane potential and ATP levels were significantly affected in both astrocytes and neurons upon ART exposure; however, only astrocytes could activate the adenosine monophosphate-activated protein kinase and therefore compensate for the diminished ATP levels by upregulating glycolysis. Such events can result in glial cells survival and neuronal degeneration. The protective glycolysis activation in glial cells was also reported by other groups (Brandmann et al. 2013) . Interestingly, selected neuronal populations appear to be more vulnerable than others to toxicity of ART. A recent study comparing the effects of ten different antiretrovirals with high BBB penetration scores found that cortical nerve termini were not affected, while striatal nerve terminals exhibited reduced mitochondrial spare respiratory capacity for all drugs testes. The experiments also indicated that this connection was dose-dependent and resulted in depletion of ATP at synapses (Stauch et al. 2017 ).
The outcome of several studies demonstrates that early time-point exposure experiments are not sufficient in studies on ART-induced mitochondrial dysfunction (Fig. 4) . For example, neurons might not show mitochondrial alternations after early initiation of treatment but can be affected later in life. In fact, low NAA, previously discussed as a marker of alternations in mitochondrial morphology and HAND onset, was detected in 9 year old HIV positive children but not in 7 year old HIV positive children (Robertson et al. 2018) ; suggesting that in spite of the initial HIV suppression, neuronal damage might develop at a later time-point. This statement is further supported by the detection of ART-induced mitochondrial toxicity in liver and muscle cells much earlier than in neurons as well as the detection of mtDNA mutations in the cerebral cortex of autopsied HIVinfected patients on ART , challenging the findings of previous studies that reported no effects on brain mtDNA for patients that were treated with ART for shorter period of times (Davison et al. 1996) . Additionally, other types of cells interacting with the BBB could be exacerbating the effects, as a cross-sectional study on HIV patients taking combination ART therapy found increased break frequency of mtDNA 8-hydroxy-2-deoxyguanosine (8-oxo-dG) in peripheral blood mononuclear cells correlating with chronic systemic structural brain changes and cognitive difficulties (Kallianpur et al. 2016) . Hence, when testing for mitochondrial toxicity of novel drugs it is crucial to obtain data on their long-term effects and check the alternations of parameters on the individual cell type level, rather than in whole brain tissue. Moreover, an aspect that should be taken into consideration when detecting cell types vulnerable to ART is their ability to convert the parent drugs into active drug forms. For NRTIs for instance, it is well known that the cells need to express the cell-cycle dependent thymidine kinase 1 and 2 (Bazzoli et al. 2010 ).
Toxicity, Autophagy, and Apoptosis
When discussing ART-induced toxicity, it should not be excluded that the HIV infection and HIV proteins (Villeneuve et al. 2016 ) might be exacerbating the overall toxic effects on mitochondria. Experiments investigating ART and viral effects separately have found that at least part of mitochondrial toxicity stems from the ART independently (Ng et al. 2010 ). Nevertheless, evidence shows that the common assays, such as MTT, used to confirm toxicity are not sufficient to extrapolate mitochondrial functionality since mitochondria could be affected even if the overall drug toxicity is low. Testing antiretrovirals of the different classes according to their toxicity indexes resulted in an observation that the drug inducing the highest compromise of mitochondrial membrane potential was previously established as the least toxic, whereas the previously established most toxic drugs had variable effects of either decreasing or increasing mitochondrial membrane potential (Robertson et al. 2012) . Thereafter, when testing newer antiretrovirals it is essential to conduct stringent mitochondriaspecific assays in order to be confident that mitochondrial function is not affected. In addition, it is crucial to test for toxicity when antiretrovirals are used in combinations, i.e., in the form that they are commonly prescribed in the clinic.
Moreover, it would be important to understand the mechanisms that explain higher toxicities in certain tissues such as the brain. For instance, the findings of a recent study on prophylactic AZT administration suggests that the mechanism behind increased mitochondrial brain toxicity in some individuals, but not in others, could be explained through differential activity of the ATP-binding cassette efflux transporters which influence the transfer of AZT to the brain. These interactions may be influenced via genetic, pathological or iatrogenic factors, consequently increasing the antiretroviral-induced mitochondrial toxic effects on the brain tissue (Filia et al. 2017) .
Interestingly, ART-induced mitochondrial toxicity can be reversible, and it is not as severe as mitochondrial toxicity induced by the HIV proteins that frequently progress to apoptosis, which is then irreversible (Fiala et al. 2004) . Recent findings suggest that the lack of activation of apoptosis might be due to a lower level of toxicity of ART which progresses into autophagy but not apoptosis (Gao et al. 2017) . Specifically, low doses of nucleoside analogs were found to induce autophagy, while high doses resulted in neuronal apoptosis. The same study reported autophagy activation in autopsy samples from HIV patients and found that the damagemodulated autophagy regulator functioned in a p53 independent manner. However, more research is needed to fully discriminate between the induction of these pathways since antiretrovirals such as Zalcitabine were found to decrease anti-apoptotic proteins and increase pro-apoptotic proteins in addition to the release of cytochrome c, suggesting promotion of apoptosis (Opii et al. 2007) .
Our group extensively examined the induction of the ER stress responses and autophagy in response to ART in brain endothelial cells and brain capillaries. Among studied drugs (Efavirenz, Tenofovir, Emtricitabine, Lamivudine, and Indinavir), only Efavirenz increased ER stress via upregulation and activation of the inositol requiring kinase 1 α (IRE1α) and protein kinase-like ER kinase (PERK) signaling. At the same time, Efavirenz diminished autophagic activity, a surprising result as the induction of ER stress is typically linked to enhanced autophagy. These results were confirmed in microvessels of HIV transgenic mice chronically administered with Efavirenz. In a series of further experiments, we identified that Efavirenz dysregulated ER stress and autophagy by blocking the activity of the Beclin-1/Atg14/PI3KIII complex in regard to synthesis of phosphatidylinositol 3-phosphate (PI3P), a process which is linked to the formation Fig. 4 Onset of mitochondrial dysfunction as a function of time and susceptibility of individual cell types to lifetime exposure to antiretroviral drugs of autophagosomes. Because autophagy is a protective mechanism involved in the removal of dysfunctional proteins and/or organelles, its inhibition may contribute to the toxicity of Efavirenz and/or the development of neurodegenerative diseases in HIV patients treated with this drug (Bertrand and Toborek 2015) .
Conditions Exacerbating ART-Induced Mitochondrial Dysfunction
ART exposure induces several factors that can exacerbate their toxicity and contribute to the severity of impaired mitochondrial function. Among these conditions are reactive oxygen species (ROS), nitric oxide (NO), altered expression of growth factors, and calcium signaling. There is extensive evidence for oxidative stress induction in correlation with ART in different brain cell types and as the result of exposure to different antiretroviral drug classes (Mollace et al. 2001; Steiner et al. 2006) . The human brain microvascular endothelial cell line (hCMEC/D3) was shown to exhibit increased ROS as well as mitochondrial superoxide levels after exposure to Zidovudine and Indinavir (Prasad et al. 2016) , and both of these parameters were also increased due to Tenofovir, Emtricitabine, Ritonavir, and Darunavir (NRTIs, protease, and integrase inhibitors combination) exposure to NPCs (Velichkovska et al. 2018) . Furthermore, as a representative of a potent NRTIs, Zalcitabine was found to increase oxidative stress in isolated mitochondria and synaptosomes as indicated by alternations of protein carbonyls and 3-nitrotyrosine levels (Opii et al. 2007 ). Importantly, these effects were attenuated upon administration of the antioxidant tricyclodecan-9-yl-xanthogenate which can access the brain and also acts as a glutathione mimetic. The endothelial cell-based invitro model of the BBB was also found to experience an increase in ROS after exposure to ART combination, and the resulting cytotoxicity was attributed to mitochondrial and oxidative stress mechanisms since mitochondrial potential and ATP levels were altered as well as the levels of glutathione and malondialdehyde (Manda et al. 2011) . Pretreatment with a thiol antioxidant N-acetylcysteine amide resulted in attenuation of some of these pro-oxidative effects. Our group recently showed that oxidative stress is a component of the ART-induced mitochondrial dysfunction of NPCs. Importantly, oxidative stress and mitochondrial dysfunction could be prevented by mitochondriatargeted delivery of the antioxidant Coenzyme Q10 (Velichkovska et al. 2018) .
Nitric oxide expression was also found to increase in response to ART exposure of glia, the effect that subsequently induced alternations of activity of Complex III and Complex IV (Apostolova et al. 2015b) , raising the possibility of nitric oxide to be involved in the mechanisms inhibiting complexes of the electron transport chain. This notion was supported by the observation that inhibition of nitric oxide synthase attenuated ARTinduced impairment of mitochondrial function.
Neurons exposed to Didanosine were found to exhibit a decrease in transcript and protein levels of the neurotrophic factor BDNF as well as the BDNF receptor TrkB in Schwann cells (Zhu et al. 2007 ). More recently, mouse hippocampal tissue exposed to Nevirapine was also found to have decreased expression of BDNF (Zulu et al. 2018) . BDNF is a neurotrophic factor which regulates the growth and development of neurons, both of which are impaired under ART. Interestingly, studies have shown that the BDNF receptor has been found to localize on the mitochondrial membrane (Wiedemann et al. 2006) , and BDNF was linked to activation of mitochondrial function (El Idrissi and Trenkner 1999) as well as increased respiratory mitochondrial coupling (Markham et al. 2004 ), emphasizing direct influence on mitochondrial function. Indeed, supplementation with BDNF attenuated the neurotoxic and mitochondrial changes (Zhu et al. 2007 ).
Calcium signaling also seems to be an important mediator of ART-induced mitochondrial dysfunction. Alterations of calcium signaling may explain the impact of ART on mitochondrial membrane potential and increased secretion of glutamate, which has repeatedly been observed in HAND-related studies. Induced calcium signaling and the consequent opening of the mitochondrial permeability transition pore (mPTP) were found in human astrocytes under exposure of HAND-relevant conditions, such as ART, HIV-1 virions exposure, and inflammation (Nooka and Ghorpade 2017) . mPTP opening is detrimental to mitochondria, resulting in the disintegration of their membrane structure, increased ROS concentrations, and depolarization of mitochondrial membrane potential (Görlach et al. 2015) . All of these events induce apoptosis (Tsujimoto and Shimizu 2006) . ART-induced increase in intracellular calcium levels was also reported to increase glutamate secretion (Malarkey and Parpura 2008) , another important factor in the pathogenesis of HAND (VazquezSantiago et al. 2014) . Importantly, chelation of calcium reversed both mPTP opening (Nooka and Ghorpade 2017) and glutamate release (Bezzi et al. 1998) . Hence, mitochondrial dysfunction appears to be closely related to ER stress, suggesting that controlling the ER may minimize, if not eliminate, mitochondrial dysfunction.
ART Toxicity beyond the BBB
While the bulk of the presented review is concentrated on the cells of the neurovascular unit, ART toxicity is a systemic problem that needs careful consideration. While therapy adherence is primordial to prevent viral rebound, around 30% of patients are forced to change ART regimen to diminish the developing side effects (Troya and Bascunana 2016) . Individual differences in susceptibility to antiretroviral toxicity still remain to be elucidated; however, several studies indicate that gene polymorphism may be involved, along with gender and ethnic background (Martin et al. 2004; Haas and Tarr 2015; Dold et al. 2017) . The majority of the identified pathways of toxicity presented in this review also applies to cells of other organs. Endothelial dysfunction, dysregulation of ER stress and autophagy pathways, mitochondrial toxicity, calcium imbalance, and several other side effects have also been observed in kidneys, the gut, major arteries, liver, and other organs (Apostolova et al. 2011; Hall et al. 2011; Jones and Nunez 2012; Neuman et al. 2012; Post 2014; Thein et al. 2014; Weiss et al. 2016) . These mechanisms of toxicity can lead to gastrointestinal toxicity (nausea, vomiting, and diarrhea), liver toxicity (hyperbilirubinemia and elevated liver enzymes), renal toxicity (elevated creatinine, renal impairment, and tubular dysfunction), cardiovascular toxicity (dyslipidemia, atherosclerosis, and vasculopathy), and other disorders (Reviewed in Troya and Bascunana 2016) .
Conclusions
Balancing the health risks and gains of ART has to be considered in order to maximize the positive effects of therapy. While the most toxic antiretroviral drugs (e.g., Efavirenz) are slowly being taken out of the market, more research is still needed to fully discriminate ART toxicity and its contribution to comorbidities observed in HIV-positive patients, especially in the context of aging, which alters both drug kinetics and susceptibility of the host to ART-induced side effects. The most prominent mechanism of ART toxicity appears to be related to mitochondrial toxicity; therefore, it may be useful to introduce a supplemental therapy that protects against this effect by mitochondria-targeted delivery of antioxidants as recently proposed by our group (Velichkovska et al. 2018) .
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